Cultured human skin fibroblasts from healthy donors were irradiated with 180 kJ' m-2 ultraviolet (UV) A (320-400 nm) and assayed for thiobarbituric acid -reactive substances (TBARS), taken as an indicator oflipid peroxidation. Antioxidant defenses, inCluding total glutathione (GSH) levels, superoxide dismutase (SOD), glutathione peroxidase (GSHPx), and catalase (Cat) activities were simultaneous ly assayed before and after irradiation. For the various donors, with different activities of these antioxidant systems before irradiation, TBARS correlated positively with SOD activity and negatively with Cat activity, whereas no correlation with E xposure of human skin to solar light may result in shortterm responses, such as erythema and pigmentation, and long-term responses, such as carcinogenesis and ag ing [1 -5]. It has long been established that the ultraviolet (UV) component (290 -400 nm) is by far the most effective in triggering these responses in human or model animals and in producing lethal and mutagenic damage in cultured cells. Action spectra for these responses exhibit very similar shapes and indicate that UVB (290 -320 nm) is much more effective than UV A (320 -400 nm) [1,6 -9]. Cell killing, mutage nesis, and carcinogenesis are generally linked to DNA damage, and the efficiency of UVB is associated with direct absorption ofUVB photons by DNA, which leads to various DNA damage [9,10]. Although UVB is much more Manuscript
GSH level or GSHPx activity was found. These data support the view that O 2 -is generated by UV A irradiation. They also suggest that H 2 0 2 , arising from O 2 -dismutation by SO D is not completely removed by Cat. Thus, the sensitivity of human fibroblasts to UV A-induced lipid peroxidation depends on a balance between SOD and Cat activities. After UV A irradiation, Cat activity was strongly inhibited , whereas GSH level was slightly decreased. By contrast, GSHPx and SOD activity remained unchanged after UVA irradiation. ] Inllest Dermatol1 00:692 -698, 1993 efficient than UV A in triggering these responses [11 -13] , UVA must be carefully considered because the greatest proportion is in UV solar light at the earth's surface [14] . DNA damage induced by UVA is known to occur [10, 15] , although absorption ofUVA photons by DNA is somewhat negligible because of the low DNA extinction coefficient in this wavelength range. It is currently believed that UVA-induced DNA damage and its consequences involve endogenous chromophores acting as photosensitizers (for review, see [15 -19] ). The most frequently cited are porphyrins, reduced nicotinam.ide coenzymes, fiavins, kynurenic acid, and pterins; however, the involvement of these critical photosensitizers has not yet been fully proved, and details of the photosensitized reactions leading to the cellular damage and responses are unknown. Activated oxygen species, such as singlet oxygen (10 2 ), superoxide radical anion (0 2 ), hydroxyl radical (OH), or hydrogen peroxide (H 2 0 2 ) generated during these photosensitized reactions are presently believed to be important intermediates (for review, see [15] [16] [17] [18] [19] ). Their intervention is supported by the oxygen-dependent DNA damage, mutagenicity, or cell killing induced by UVA [4, [20] [21] [22] . Moreover, some experiments suggest that free radicals are generated in skin exposed to UVA [23, 24] . However, the nature of the involved activated oxygen species and t heir formation mechanisms are still poorly understood. Activated oxygen species can damage DNA, either directly or indirectly, via metal ion-catalyzed reactions [25, 26] . In addition to DNA, proteins and membranes are other cellular targets. Recently, we and others reported UVA-induced membrane damage [27 -29] . We showed that UV A-induced dose-dependent lipid peroxidation and membrane impairment were closely related [27] . Both may vary over a rather wide range, depending on the fibroblast donor. It may therefore be thought that the anti-oxidant cell status could be of great importance in regulating peroxidative processes. In the present work, we focused our attention on superoxide dismutase (SOD) , catalase (Cat), and glutathione peroxidase (GSHPx) activity and glutathione (GSH) level in cul ture d human skin fibrobl asts. Two main questions were addressed in th ese investi ga tions. We first attempted to correlate th e eJ{tent of UVA-induced lipid peroxidation with the antioxidant status of cells from va rious do nors. Second, we studied the effect of UVA on the antioxidant cell status.
MATERIALS AND METHODS
Chemicals, Solvents, Culture Media, and Routine Equipment Earle's modified minimum essential medium and Hanks' buffered saline solution (HBSS), both without ph enol red, were obtained fro m Gibco. Reagents for cel l culture, non-essential amino acids, fetal calf serum, and a ntibi oti~s were ,Purchased. from Boehringer and Flow Laboratory, as speCIfied earher [27] . ThlObarbituric acid; 5,5'-dithio-bis-(nitrobenzoic acid) (DTNB); butylated bydroxyto l uene; 1,1 ,3,3-tetrae thoJ{ypropane; diethylenetriaminepentaacetic ac id (DTPA); tertiobutyl hydroperoxide; hypoxa nthine; reduced GS H and oxidized GSH (GSSG); reduced,B-nicotina[!1ide adenine dinucleotide phosphate (NADPH); type III ferr icytochrome c (FelllCyt c) from horse hea rt; type IV glutathione reductase (GR) frol11 baker's yeast; and grade III xa nthine oxidase fro m buttermilk were supplied by Sigma C hemical Co. Uvasol grade 1-butanol (butanol) and ethanol, triton XIOO (Txl00) , trichloroacetic acid, ethylenediaminetetraacetic acid (EDTA), H 2 0 2 , J{H2 P04 , K 2 HP0 4 , and ~a H C03 were provided by Merck. W ater was obtained wlth a Mllll Q lon exchanger coupled to a Mtllt R04 filtering unit (Millipore). A Varian DMS 100 spectrophotometer and a Spex 11 2 spectrofluorometer were used for absorption and fluorescence spectroscopy, respectively. Samples in an ice bath were sonicated w ith a Sonics and Materials sonicator equipped with a microtip . Statistics were computed with Statview SE + Graphics fro m Abacus Concepts, Inc. (Berkeley, CAl. Control versus irradiated samples were statistically compared acco rding to the Student t test with paired data. Squares of the correlation coefficient (r2), illustrating the predictable proportion of variance, are given for li near regressions; p values with regard to the variable(s) in the regression are estimated according to a Student t test as the probabil-itY that the slope is not different than zero.
Cell Culture and Treatment Prior to Irradiation Cultures of human skin fibroblasts were estab lished from breast plastic surgery, as described earlier (30] , and were further propagated in Earle's modified minimum essential medium suppl emented with 10% fetal calf serum without any oth er additive (27] . For all ex periments. cells i/l passage 5 were seeded at 275,000 cell s/60-mm plas tic Petri dishes (5 rnJ at 55,000 cells/ml) and grown for 8 d to near confluency. Th e culture medium was replaced by a fresh one 24 h before the ex periment. Just prior to irrad iation, cells were washed twice with 2.2 ml ofHBSS and left in 2.2 ml ofHBSS. Sham-irradiated cel ls (i.e., cells kept in the dark ~or 90 min and under th.e same environmental conditions as the Irradlated cells) were slImlarly treated. Immediately after irradiation or sham irrad iation, samples were taken for 'fBARS, Cat, SOD, GS HPx, and glutathione assays, as described below.
OVA Irradiation Cells were irradiated with a UV -365 illuminati/lg table (35 X 20 cm) equipped with five TF-20L tubes (ViI bert et Lourmat , Marne la Vallee, France) whose light was additionally filtered with 8-mm glass, as described earlier [27] . Under th ese conditions, Petti dishes were irradiated from the bottom for 90 min at a light intensity of = 34 W 'm-2 (= 6.3 X 10 19 quanta' sec-1 . m-2 ) , as determined by actinometry with potassium ferrioxalate [31] .
'l'BARS Assay Immediatel y after irradiation or sham irradiation, supernatants were coll ected, and 10% (v Iv) butylated hyd roxy toluene (2% w /w in ethanol) was added; sampl es were kept fro zen (-20°C) until TBARS meas urement. Defrosted samples were ftuorome trically assayed for TBARS acco rding to a slightly modilied [27J procedure described earlier [32] . In brief, to 900 ,ul of the defroste d sample was added 90 ,ul of butylated hydroxy toluene (2% w/w in ethanol) . Th en, 1 ml of a 0.375 % (w /w) thiobarbituric acid solution in 0.25 M HCI containing 15% (w /w) trichloroacetic acid was added. The mi xture was heated at 80 ° C for 15 min, cooled on ice, and extracted with butanol. The organic phase was collected for flu orescence analysis (,texc = 515 nm; ,tem = 550 nm). Tetrae thoxypropane quantitatively yielding the malondialdehyde thiobarbituric ac id adduct was used for calibration. Cells in Petri dishes were washed twice with 2 ml of HBSS and were scraped and coll ected as described below for protein determination according to the method of Lowry et a/ [33] . TBARS va lues were normalized to the cell protein content, and all data are the mean ± SD of triplicate measurements.
Cat Assay Immediately after irradiation or sham irrad iation, cells from one Petri dish were was hed and scraped in 500,u1 of water; 450,u1 were co llected, and 50,u1 of 1 % aqueous Txl00 was added p rior to a 30-sec sonication; 50 ,ul of this solution was collected for protein deterl11.ination. The spectrophotometric Cat assay [34] was carried out by a sli ght modification of a procedure described earlier [35] . To 3 ml of a 22.5-mM H 2 0 2 solu tion in 50 mM phosphate buffer (pH 7.5), 400,u1 of the sa mple was added, and H 2 0 2 consumption at 25 ° C was monitored at ,t = 240 11m. One ulli t is defin ed as 1 ,umol H 2 0 2 consumed/min . Activities were normalized to the cell protein content, and data are the mean ± SD of triplicate measurements.
SOD Assay Immediately after irradiation or sham-irradiation, cells from two Petri dishes were washed, scraped, and collected in 800,u1 of water. This vol ume was sonicated for 30 sec and dialyzed (cutoff = 7 kDa) at 4 ° C for 24 h with 150 ml of 50 mM phosphate buffer (pH 7.5). Then, 50,u1 of the dialyzed solution was saved for pr~tein determination. Total SOD (Mn SOD and Zn/Cu SOD) actlvlty was measured by the Fell1Cyt c assay [36J according to a procedure denved from that described previously by GSHPx Assay Immediatel y afte r irradiation or sham irradiation. cel ls from fo ur Petri dishes were was hed, scraped, and collected in 1 ml of 100 mM ph osphate buffer (pH 7.5) contai nin g 1 mM DTPA; 900,u1 of this solution was sonicated for 30 seconds after addition of 100,u1 of 1 % Tx lOO in water. While 50,u1 of the sonicated solution was kept for protein determination, the GSHPx activity was assayed according to a slight modification of the procedure described previously by Flohe and Gunzler [38] . In short, 850,u1 of the sa mple was added to 300,u1 of a solu tio n containing 8 mM GSH, 650,uM NADPH , 0.28 U GR, and 1.3 mM DTPA in 130 mM phosphate buffer (pH 7.5) and incubated for 10 min at 37"C. The NADPH consumption rate was photometrically measured at ,t = 340 nm after the addition of 50 ,ul of 14.4 mM tertiobutyl hydroperoxide. The enzyme activity was calculated from the following relation: Activity = (0.868/GSH) X (Ci[NADPH]/ Cit) X (VjV,), w here Vi and V, are the incubation (1.2 ml) and sample (0.85 ml) volumes, respectively [38] . Activities were normalized to the cell protein COil tent, and data are th e mean ± SD of triplicate measurements.
GSH Assay Immediately after irradiation or sham irradiation , cells fr0111 one Petri dish were was hed and scraped in 550,u1 of water. Five-hundred microliters was collected and homogenized, and 50 It! of this solution was saved for protein determination . To the remaining 450 f.ll was added 225 f.ll of a 13.5% trichloroacetic acid aqueous solution. T his acidic mixture was centrifuged for 3 min at 10,000 X g, and 600 f.l l of the supernatant was collected for total GSH assay. The total GSH (reduced + oxidized) content was measured by a slight modification of the enzyme recycling assay described earlier by Tietze et at [39) . Next, 600 f.l l of the sample was added to 2.4 ml of a solution containing 225 f.lM DTNB, 300 f.lM NADPH, 3.6 U GR, and 6.3 mM EDTA in 150 mM phosphate buffer (pH 7.5). Then, the DTNB reduction rate was photometrically (A = 412 nm) determined at 25°C. For calibration, DTNB reduction rates were measured for various known GSSG amounts. The GSH content in the samples was normalized to cell protein content, and data are the mean ± SD of triplicate measurements. When total GSH in the supernatant was assayed, 2.1 ml of the sample received 150 f.l l of a solution containing 2.7 mM DTNB, 3.7 mM NADPH, 2.7 U GR, and 75 mMEDTA in 150 mM phosphate buffer (pH 7.5). When both the total GSH and GSSG content was assayed, the scraped cell solutions from two Petri dishes were collected and processed as described above (all volumes are doubled). After centrifugation of the acidic solution, 600 f.l l was used for total GSH determination, and 600 f.ll was used for GSSG determination using 2-vinylpyridine to derivatize GSH [40, 41) . To this 600 f.ll was added 75 f.ll of 2 N NaOH, 75 f.l l 300 mM phosphate buffer (pH 7.5), and 5 f.ll 2-vinylpyridine. Then, 600 f.ll of this mixture, left in the dark for 1 h, was assayed as described above. Under these conditions, less than 1 % reduced GSH escaped conjugation with 2-vinylpyridine . Data for GSSG are expressed in GSH equivalent.
RESULTS
Extent of Per oxidation and Basal Levels of Total GSH Content and SOD, GSHPx, and Cat Activity Total GSH (reduced GSH + GSSG) content and SOD (Mn and Zn/Cu SOD), GHSPx, and Cat activity of cultured human skin fibroblasts obtained from various healthy donors are reported in Table 1 . All data were obtained for cells propagated to the fifth passage under strictly simi lar conditions (culture medium, serum, etc) . For each donor, assays were performed on cell s arising from the same cell seeding. Table I shows that total GSH content and enzyme activity vary over a wide range for the various donors. There is no clear evidence for a correlation between the age of the donor and total GSH content or enzyme activity. Also given in Table I is the TBARS content in the supernatant of the cells after irradiation with 180 kJ' m-2 ofUVA. For the various donors it can be shown that TBARS content fai led to correlate with total GSH content or GHSPx or Cat activity. By contrast a significant positive correlation (r2 = 0.75; n = 8; P = 0.006) was found between TBARS and SOD (TBARS = -0.055 + 0.049 X SOD). A multiple linear regression with SOD and Cat as variables was found (r2 = 0.85; n = 8) and is highly statisticall y relevant with respect to SOD (p = 0.003) and to a lesser extent with respect to Cat (p = 0.10). It yields the relatio n TBARS = 0.238 + 0.052 + SOD -0.024 X Cat, which confirms the positive correlation with SOD and suggests a negative correlation with Cat. Similar regressions with SOD as the first variable and GSH or GSHPx as the second variable were carried out. Although a positive, statisticall y significant correlation with SOD was always found, no statistically acurate correlation w ith GSH or GSHPx cou ld be established.
Effect of UV A Irradiation on SOD, GHSPx, and Cat Activity Enzyme activity was measured immediately after irradiation with 180 kJ' m-2 UVA or after sham irradiation. It is noteworthy that no significant difference in enzyme activity was observed between sham-irradiated cells and un irradiated cells (i.e., cells without the 90-min sham-irradiation period). It clearly appears from Fig  la,b that total SOD and GSHPx activity for controls (sham-irradiated cells), = 17.4±2.0 U/mg (mean±SEM; n=7) and = 11.9 ± 1.3 mU/mg (mean ± SEM; n = 6), respectively, are not altered by UV A irradiation, with post-irradiation activities = 17.9 ± 2.5 U /mg and = 11.7 ± 1.5 mU /mg, respectively. As ill ustrated in Fig Ie, the most striking consequence ofUVA irradiation is the large decrease in Cat activity, which drops from = 13.7 ± 1.0 U/mg (mean ± SEM; n = 8) before irradiation to = 2.8 ± 0.4 U /mg after irradiation (p :5 0.01) . The UVA dose response for loss of Cat activity was evaluated in triplicate from cells arising from three different donors (data not shown). This decrease was reproducible and may be considered as early response because = 52 ± 4% (mean ± SEM; n = 3) of the initial activity had already disappeared after 30 min of irradiation, wh ich corresponds to = 60 kJ·m-2 .
Effect ofUVA Irradiation on GSH Levels Total GSH content was measured for sham-irradiated and irradiated cells. As observed for SOD, Cat, and GSHPx, no significant difference in GSH content was measured for sham-irradiated compared with unirradiated cells. As shown in Fig 2a, it slightly decreases from 15.5 ± 1.6 nmol/mg (mean ± SEM; n = 13) for contro ls to 13.4 ± 1.6 nmol/ mg for irradiated samples. Although somewhat low, this = 15% decrease is statistically significant according to a Student t test performed with paired data (p :5 0.01). In other experiments, total GSH content in the supernatant of control and irradiated cells was also measured. With respect to sham-irradiated cells, a statistical! ' significant 1.0 ± 0.2-nmoljmg (mean ± SEM; n = 6; p:5 0.01) increase in tota l GSH was measured in the supernatant after irradiation (data not shown). Because the release in the supernatant nearly corresponds to the loss of total GSH within the cells, it may be concluded that the overall GSH pool remains practically unchanged. Other experiments were carried out for the simultaneous determiaeio n of total GSH and GSSG content in the cells. As can be seen in ~ig 2b, the .G~SG/toral GSH ratio is slightly enhanced (= 20%) on UVA irradIatIon from 9. 1 ± 0. 3% to 10.8 ± 0.4% (mea n ± SEM; ~ightly st a tisticall y signifi cant increase in GSSG level [e.g., 1.6 ± 0.3 and 1.8 ± 0.3 nmol/mg (mea~ ± SEM; n = 6; p = 0.1)] for ontrol and irradiated cells, respectively (data not shown) . Therefore, the increase in GSSG/total GSH ratio is mainly a consequence f the decrease in intrace llular total GSH. Moreover, tlllS decrease 111 ~otal GSH may be mainly related to a decrease in reduced GSH.
DISC USSION
We recen tly reported that irradiatio n of cultured human skin fibroblasts with UVA produces TBARS , most of whIch are released 111 the supernatant of th e cell monolayer J2.7]. Although !BARS measureme nt is no t a dlfect measure of lipid peroxIdes, It can be ade- Each point (closed symbols) is the value obtained from triplicate measurements for cells from a single donor. Closed squares in a correspond to data for which total GSH and GSSG were simultaneously measured to draw b. Total GSH levels were normalized to the cellular protein content (a) . GSSG and total GSH levels were measured on the same sample to determine their ratio (b quately used as an index of peroxidation in our experimental system, as discussed earlier [27] . The TBARS assay allows t he measurement of end products of the peroxidation process and also of products undergoing degradation during the assay under ac idic and temperature ex~e rimenta l conditio ns. The peroxidation of polyunsaturated fatty aCIds was suggested by membrane damage, by the propagation of the oxidative process in the dark after irradiation, and by inhibition by vitamin E [27} . We also showed thae both TBARS production and membrane damage vary over a large range for cells obtained from various donors and in different subpassages [27] . Because there is some evidence that UV, particularly UVA, may gel~era te reactive oxygen species (for review, see [1 5 -19] ), it was antICIpated that tlllS behaVIOr could be related to the cell antioxidant defense status. The antioxidant defense system of cells from various origin~ could modulate the triggering and propagation oflipid per-oXidatIOn. H owever, the nature of reactive oxygen species, such as 102 ,1-:120 2 , OH, or 02', and the precise mec hanism of their photosensitized formation are still obscure (for review, see [15 -19] ). The most frequently considered endogenous photosensitizers are porphynns, reduced nicotinamide coenzymes, and flavins [1 5-19,42-45] , although others, such as N-formylkynurenine and pterins, for example, could also be involved. In view of our previous observations, we simultaneously determined the basal level of total GSH, SOD, GSHPx, and Cat and the extent of lipid peroxidation in terms of TBARS released in the supernatant of cells originating from various donors . The enzymic activi ty of SOD, GSHPx, and Cat was recentl y reported by Yohn et at [46] . A direct quantitative compariso n of our data to those reported by Yohn et at is not possible because slightly different experimental conditions for assays (pH , temperature, reagent concentrations) and different unit definitions (GSHPx, for example) may have been used. N evertheless, our results are qualitatively in agreement with those reported by Yohn et al. These authors determined anti-oxidant enzyme activities in cultured fibroblasts, keratinocytes, and melanocytes and described disparate va lues with wide ranges for each enz yme and each cell type. They did not find any difference between cells frol11 black or w hite people, as observed in our data, which included one black donor. In addition, we did not find any immediate rel ationship between the age of the donor (18 -38 years) and enzy me activity or total GSH content.
Data presented in Table I and the regression analyses described above allow us to conclude that TBARS positively correlate With SOD, which may be considered unusual , as discussed below, and suggests a negative correlation with Cat. Simple estimations can be made to illustrate the effect of SOD or Cat on TBARS production.
According to the relation TBARS = 0.238 + 0.052 X SOD -0.024 X Cat, Tab le II shows TBARS computations obtained for • TBARS were calculated from the regression analysis relation TBARS = 0.238 + 0.052 X SOD -0.024 X Cat (see text for details). The ± 95% confidence range was calculated as ± t X rn X SEM (t = 2.306 and 2.365 for n = 9 and 8, respectively), assuming that sa mple values are normally distributed around the mean. Accordingly, using data from SOD vary in g w ithin the ± 95% confidence ra nge of the sampl e, w hereas Cat is set to its mea n va lue and vice versa. As can be seen, the predi cted TBARS va lues varyin g fro m 0.2 1 to 1.41 nmolj mg are calcul ated for SO D in the range 6. 2 -29.4 U j m g (± 95% confidence range of th e sampl e), contrasting with TBARS levels modulated to a lower extent by Cat activity (e.g ., from 1.01 to 0.61 nmolj mg). N everthel ess, because of the small number of matched data used to run such regression analyses, these results have to be considered with ca ution. Thus, we point out that specific experiments focusing on SOD and Cat have to be designed befor e furth er, definite conclusions can be draw n. In particular, it is worth noting that TEARS formation may be mod ul ated by other anti-oxidant systems, such as vitamins E and C, and may be also modulated by the pro-oxidant (metal ions for exa mple) or th e photosensitizing status of th e cell. It is commonly acce pted th at SOD protects against free-radical injury by converti ng 0 2' radi cals to H 2 0 2 , provided that H 2 0 2 can be re moved by Cat or GS HPx [47) . Therefore, impeding 0 2' and H 2 0 2 coexistence wo uld prevent OH radical formation through the 0 2'-driven Fento n reactio n [48) . The respective ro les of Cat and GS HPx as the primary enzy mes responsibl e for H 2 0 2 removal is still under debate. In mammalian cells, Cat is loca lized in peroxisomes, w hereas GSHPx mainly predominates in cytoplasm. Our data suggest th at destructi on of H 2 0 2 by Cat is not full y effective because a decrease in intracellular Cat activity results in greater lipid peroxidation. Thus, if H 2 0 2 dismutation by Cat is incompl ete, it may be that some H 2 0 2 esca pes fro m peroxisomes . Such behav ior could be related to SOD intracellular localiza ti on. It has been recently demonstrated that SOD in human fibroblasts is localized in peroxisomes [49) . Accordingly, 0 2' co nve rsion to H 2 0 2 would mainly occur in the peroxisomes. Therefor e, it is not unlikely that the ava ilable cellular Cat co uld not acco modate too large an increase in H 2 0 2 • Such a view is in agree ment w ith the enhanced lipid perox idation associated w ith high SOD activity. Indeed, a greater increase in peroxisomal H 2 0 2 concentration would be associated w ith the hi ghest SOD activity. Although still being debated [50 -53) , increased se nsitivity to oxidative stress associated w ith elevated SOD levels has been desc ribed in various systems. Transgenic drosophilia [54] , Escherichia coli [55] , and mammalian cell s [52] with enhanced SOD acti vi ty have all been shown, to exhibit increased sensitivity to paraquat-genera ted O 2 -, Inacti va tion of SOD in human fibroblasts has also been reported to increase their growth rate [56] . As pointed out by Halliwell and G utterid ge, such pro-oxidant effects of SOD are not inconsistent with SOD as a maj or antiox ida nt defense insofar as it cooperativel y works w ith oth er effi cient defense mechanisms, including H 2 0 2 -degradin g enzy mes [47) . Accordingly, se nsitivity to oxidative stress is better addressed in terms of a fin e balance between SOD and Cat, as mentioned by Amstad e/ al (57) .
Th e second goa l of these inves ti gations was to stud y the effect of THE JOURNAL OF INVESTIGATIVE DERMATOLOGY UVA on GSH content and antioxidant enzy me activity. Although Cat activity is decreased to low levels, SOD and GSHPx are not altered by UV A irradiation. Because the loss of Cat activity is an earl y response (50% inhibitio n after 60 kJ 'm-2 ), and because Cat negatively modulates TBARS leve ls, we may conclude that Cat inhibition contributes to th e amplification of the peroxidative process. Such inhibition of Cat has been previously reported by Fuchs el ai, in th e skin of hairless mice exposed to UV A l5 8], and by PUI1nonen et af, in cultured human keratinocytes [28] . C at has been already shown to be light se nsitive in rat hepatocytes [59] , in fibroblasts [60] , in lIitro, and in leaves (6 1) . Cat photoinactivation occurs throu gh an oxyge n-dependent photooxidatio n of the porphyrin rin gs [62, 63) and probably invo lves activated oxyge n species. Car has also been shown to be inactiva ted by 0 2' [64] . In agreement with our data, Fuchs et af did no t report any altered SOD acti vity [58) whereas Punonnen et al mentio ned that SOD decreased 0. 5 h after irradiation and w as partially restored 24 h later [28] . Such a discrepancy may be related to th e use of a different cellul ar system. Insofar as glutathione is concerned, it may act as a free-radical scavenger or as a cofac tor for protective enzymes, such as GSHPx [47] . Our data also show that the intracellular GSH level is lowered by UVA irradi atio n and that part of the lost GSH is recovered in the supernatant. GSH recovery in the supernatant stro ngly suggests that on irradiatio n, some GSH or GSSG may leak outside th e cell, probably because of membrane damage. Because no dramatic changes in G SSG jG SH were obse rv ed, it may be hypothesized that GSH reductase , responsible for GS H regeneration from GSSG , is not inhibited by UVA; however, such a conclusion must be cautiously examined because none of our data showed that on UV A irradiation, reduced GSH is converted into GSSG through either free-radical scavenging or GSHPx-induced h ydroperoxide removal. A slight inhibition of GSH reductase was recently reported by Fuchs e/ al [58) ; however, the GSH level w as not concomitantly perturbed. W e may assume that the small decrease in GSH level has littl e influence on TBARS formation that is meas ured immediately after irradiation. On the oth er hand , because GSH is involved in numerous functional pathways in cell biochemistry, such an impairment of GSH homeostas is, if maintained or possibly changed at a longer time aft er irradiation, may have later deleterious consequence. Such a persistent decrease in GSH level w as described by Wheeler and coworkers in the epidermis and dermis ofUVA-irradiated hairless mice up to 18 h after irradiation [65, 66] . Finally , owing to the effect of SOD and Cat on TEARS production , our data suggest that both 0 2' and H 2 0 2 are produced on UV A irradiation of cultured human skin fib roblasts. Their activation via 0 2'-driven Fenton reaction may lead to the formation of the hi ghly reactive OH radical, which in turn can trigger lipid peroxidation and other deleterious processes. As pointed out b · M. J. Peak and J. G. Peak in a recent review [15) , H 2 0 2 , 0 2', and OH radicals all ge nerate DNA damage in cell s, including DNA breaks. With regard to 10 2 , this is still being debated; however, the res pective involvement of these species in UV A-induced alteration in mammalian cells is poorl y documented to date. Recent data fro m Peak and co-workers demonstrated that low levels of H 2 0 2 are produced in mammalian cells on UVA irradiation but that H 2 0_ production is not the major path way w hereby UV A exerts its lethal and DNA-damagin g effects [67, 68) . Furth er study from this grou confirms this hypothesis, emphas izing that single-strand breaks in DNA induced by H 2 0 2 or 365-nm UVA are different [69) . T he invo lvement of other reactive oxygen species in DNA da mage, such as singlet oxyge n, for example, was proposed. In addition, T yrrell and Pidoux suggested that 10 2 was involved in cultured human fibroblast inactivation by UV A [20] . Our data support the view char OH radicals, arising from 0 2' and H 2 0 2 , are involved in triggerino lipid peroxidation. N evertheless, further experiments are required to confirm this view. It must be pointed out that the above-mentioned inves tigators attempted to characterize the precise nature and role of activated oxyge n species in terms of cell survival and D A damage. A relationship between lipid peroxidation and these and [her responses, including the short-and lon g-term effects ofUVA ~xpos ure on skin , has yet to be established.
